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An analysis was conducted of the cytokine profile and
inflammatory response in oxazolone sensitized mouse
skin. Following exposure to oxazolone, the intralesional
production of inflammatory cytokines was demonstrable
at the levels of both mRNA and protein. An initial
challenge led to a transient increase in tumor necrosis
factor-a production followed predominately by the T
helper (Th)1 cytokine, interferon-g. There was a minimal
production of interleukin-4, a Th2 cytokine. Continued
exposure to oxazolone led to a downregulation of inter-
feron-g and an upregulation of interleukin-4 production.
A strong relationship was found between interleukin-4
and the inflammatory response, as measured by ear
thickness. Similar experiments conducted in mast cell-
deficient mice revealed reduced neutrophil influx but
only minor changes in cytokine profile. An irritant
response induced by chronic exposure of mouse skin to
The contact sensitivity response in mice has been widelyused to explore antigen presentation and T lymphocyteactivation. Several skin sensitizers have been utilized forthese studies, including trinitrochlorobenzene (TNCB),dinitrofluorobenzene, and oxazolone. The ease of
application, measurement of response, sampling, and accessibility of
draining lymph nodes has made this reaction a useful model to study
immunologically driven inflammation.
Studies have clearly implicated Langerhans cells as the major antigen
presenting element in the response and defined the role of major
histocompatibility complex class II molecules (Enk and Katz, 1995).
Recent studies have focused on the subset of T lymphocytes participat-
ing in the response. These responses are relevant to man and recent
studies have demonstrated a T helper (Th)2-like cytokine profile in
nickel-mediated contact dermatitis (Werfel et al, 1997). In addition,
studies of cytokine profile in atopic dermatitis suggest that over-
expression of interleukin (IL)-10 is responsible for the predominance
of Th2-associated cytokines (Ohmen et al, 1995). Cytokine profiles,
at both the mRNA and the protein levels, have been evaluated in
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phorbol ester did not reveal any significant interferon-g
or interleukin-4 response but was characterized by a
tumor necrosis factor-a response that correlated with the
inflammatory response. These observations suggest that
the major source of interferon-g and interleukin-4 in the
oxazolone response may be the infiltrating lymphocytes;
whereas the tumor necrosis factor-a may result from the
local irritation seen with both oxazolone and phorbol
ester. At the end of 4 wk of chronic exposure to oxazolone,
it was found that serum IgE levels had significantly
increased. Histologic analysis of the skin lesion revealed
that a mixed infiltrate including eosinophils developed
upon repeat exposure to oxazolone. These findings are
consistent with an early predominate Th1 response that
is reduced and largely replaced with a Th2 response upon
chronic T cell activation. Key words: allergy/delayed type
hypersensitivity/interferon gamma. J Invest Dermatol 111:86–
92, 1998
several murine contact sensitivity models. Acute dinitrofluorobenzene
exposure is suggested to induce a Th1 response, which may undergo
a switch to a Th2 response with continued stimulation (Dearman et al,
1996). TNCB has been utilized to generate an immediate type
hypersensitivity following multiple exposures to the skin (Kitagaki et al,
1995). The acute response to oxazolone, on the other hand, has been
characterized as predominately, or perhaps exclusively, a Th1 dependent
response (Dearman et al, 1994).
Bauer et al1 have suggested that chronic stimulation with oxazolone
gave rise to eosinophil influx into the exposed tissue and that draining
lymph nodes produced exaggerated levels of IgE. More recently,
Kitagaki et al (1997) have examined the tissue cytokine profile of mice
exposed to TNCB and oxazolone and have verified their original
observation of induction of an immediate type hypersensitivity and
shift toward production of Th-2-associated cytokines. In light of these
results, we undertook to examine the cytokine profile in antigen-
exposed and irritant-challenged skin in order to determine the pheno-
type of these responses.
MATERIALS AND METHODS
Animals Male BALB/C mice were obtained from Charles River Breeding
Laboratories (Kingston, NY, or Wilmington, MA). Male mast cell-deficient
mice (WBB6F1 W/W
v) and their male wild-type counterparts (WBB6F1
1/1) were obtained from Jackson Laboratories (Bar Harbor, ME). Within a
1Bauer F, Witschi A, Forni L: Murine model of chronic skin inflammation.
J Invest Dermatol 98:827, 1992 (abstr.)
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single experiment mice (22–25 g) were aged matched. The experiments involved
5–6 animals per treatment group. BALB/C mice were used in all experiments
unless otherwise noted.
Induction of oxazolone-induced contact sensitivity Mice were sensitized
on day 0 by a single application of 10 µl of a 1.6% solution of oxazolone
(Sigma, St Louis, MO) in ethanol on the left ear. To characterize the early
response to oxazolone, the animals were challenged on day 7 with 10 µl of a
0.8% solution of oxazolone on the left ear. Ear thickness was measured with a
dial micrometer (L.S. Starrett, Athol, MA) and tissue samples collected at
various time points after challenge over a 24 h period. In the experiment of
repeated oxazolone challenges, the mice were challenged with 10 µl of a 0.8%
solution of oxazolone on the left ear three times per week for 4 wk post-
sensitization (mice challenged days 7, 9, 11, 14, 16, 18, 21, 23, 25, 28, 30, and
32 after sensitization). Ear thickness was measured and tissue samples were
collected 24 h after each challenge. In addition, the established chronic lesion
at 4 wk was examined at various time points up to 24 h after the last challenge.
Induction of chronic inflammation by phorbol ester BALB/C mice
(n 5 6 per group) were treated with tetradecanoyl phorbol acetate (PMA, 1 µg
per ear) on days 1, 3, 5, and 8. Ear thickness was measured and tissue samples
taken on day 7 and throughout day 8. Tissue samples were treated as described
for analysis of cytokines.
Assay of myeloperoxidase (MPO) in inflamed ear tissue On the day of
assay, partially thawed tissues were minced and then homogenized (10% wt/
vol) with a Tissumizer homogenizer (Tekmar, Cincinnati, OH) in 50 mM
phosphate buffer (pH 6) containing 0.5% hexadecyl trimethyl-ammonium
bromide (Sigma). The tissue homogenates were taken through three cycles of
freeze-thaw, followed by brief sonication (10 s).
To measure MPO activity, the method of Bradley et al (1982) was used with
modifications as described. The appearance of a colored product from the
MPO-dependent reaction of o-dianisidine (0.167 mg per ml; Sigma) and
hydrogen peroxide (0.0005%; Sigma) was measured spectrophotometrically at
460 nm. Supernatant MPO activity was quantitated kinetically (change in
absorbance measured over 3 min, sampled at 15 s intervals) using a Beckman
DU-7 spectrophotometer and a Kinetics Analysis package (Beckman Instru-
ments, Palo Alto, CA). One unit of MPO activity is defined as that degrading
1 µM peroxide per min at 25°C.
Measurement of interferon (IFN)-g, IL-4, and tumor necrosis factor
(TNF)-a by specific enzyme-linked immunosorbent assay (ELISA)
Individual mouse ears from the experiments were homogenized in 1 ml
phosphate buffered saline (pH 7.4) and the homogenates were assayed directly
for IFN-γ, IL-4, and TNF-α by specific ELISA. IFN-γ and IL-4 were measured
by INTERTEST-γ and INTERTEST-4X ELISA kits, respectively (Genzyme
Diagnostics, Cambridge, MA). The assays were performed as recommended by
the manufacturer.
TNF-α levels were measured by sandwich ELISA (Olivera et al, 1992) using
a monoclonal hamster anti-mouse TNF-α antibody (Genzyme, Boston, MA)
as the capture antibody and a polyclonal rabbit anti-mouse TNF-α antibody
(Genzyme) as the secondary antibody. For detection, a peroxidase-conjugated
goat anti-rabbit antibody (Pierce, Rockford, IL) was added, followed by a
substrate for peroxidase (1 mg orthophenylenediamine per ml with 1% urea
peroxide). TNF-α levels in the homogenates of the ear tissue were calculated
from a standard curve generated with recombinant mouse TNF-α (Genzyme).
Measurement of serum IgE Blood was collected by cardiac puncture and
serum harvested from each blood sample as needed for IgE measurement.
Serum IgE was measured by sandwich ELISA. Plastic microtiter flat bottom
plates (Immunlon4, Dynatech Laboratories, Chantilly, VA) were coated (100 µl
per well) with a polyclonal sheep anti-mouse IgE antibody (Biogenesis,
Sandown, NH). The plates were then washed and blocked. After washing the
blocking buffer off the plates, 100 µl of test serum samples or IgE standards
(Pharmingen, San Diego, CA) were added to the wells in duplicate, and the
plates incubated overnight at 4°C. The plates were again washed and 100 µl
of monoclonal rat anti-mouse IgE antibody (Biogenesis) diluted 1/1000 in
blocking buffer was added to each well and the plates were incubated at room
temperature for 2 h. The plates were washed again and 100 µl of an alkaline
phosphate conjugated goat anti-rat IgG antibody (Sigma) diluted 1/1000 in
blocking buffer was added to each well. The plates were then incubated at
room temperature for 2 h. After washing the plates, 100 µl of a p-Nitrophenyl
phosphate solution (1 mg per ml) in a substrate buffer was added to each well
and incubated at room temperature for 30 min. The color reaction was stopped
by adding 50 µl 3M NaOH to each well. The optical density of each well at
405 nm was determined using a microplate reader MR7000 (Dynatech
Figure 1. Rapid appearance of TNF-a in acute oxazolone-induced
contact sensitivity. Mice were sensitized with oxazolone on day 0, and
challenged on day 7. TNF-α levels in homogenized ear tissue were measured
at the indicated time points following oxazolone challenge. For each time point
groups of five mice were compared. Results are shown as mean 6 SEM.
Laboratories, Chantilly, VA). The concentration of IgE in the test serum was
derived from a standard curve generated with a mouse IgE standard.
Measurement of mRNA for IFN-g, IL-4, and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) Total RNA extraction was done using
the method described by Tzimas et al (1995). Briefly, total RNA was extracted
from oxazolone treated mouse ears (n 5 5 for each condition), using the
TRIZol Reagent (Life Technologies, Grand Island, NY) according to the
manufacturer’s protocol. The integrity of the RNA was evaluated on a 1.2%
agarose gel stained with ethidium bromide (Sigma). The concentration and the
purity of the RNA was determined spectrophotometrically by measuring the
absorbances at 260 nm and 280 nm.
Reverse transcription of the RNA was performed using the Oligo d(T)16
(GeneAmp Kit) and 1 µg of RNA. The resulting cDNA samples were then
amplified by polymerase chain reaction (PCR), using the GeneAmp RNA
PCR kit (Perkin Elmer, Foster, CA). Primer sets and positive cDNA controls
for murine IL-4, IFN-γ, and GAPDH were purchased from Clontec Laboratories
(Palo Alto, CA). Primer sequences for IFN-γ were 59 TGC ATC TTG GCT
TTG CAG CTC TTC CTC ATG GC 39 for the upstream primer and
59 TGG ACC TGT GGG TTG TTG ACC TCA AAC TTG GC 39 for the
downstream primer; for IL-4, the primer sequences were 59 CCA GCT AGT
TGT CAT CCT GCT CTT CTT TCT CG 39 for the upstream primer and
59 CAG TGA TGT GGA CTT GGA CTC ATT CAT GGT GC 39 for the
downstream primer; and for GAPDH the primer sequences were 59 TGA AGG
TCG GTG TGA ACG GAT TTG GC 39 for the upstream primer and
59 CAT GTA GGC CAT GAG GTC CAC CAC 39 for the downstream
primer. Reaction times on the Perkin-Elmer GeneAmp PCR System 9600
were 94°C for 45 s, 60°C for 45 s, and 72°C for 2 min for 35 cycles, followed
by a 7 min extension at 72°C. PCR products were visualized by gel
electrophoresis in 1.8% agarose with ethidium bromide staining.
Histologic evaluation Ear pinnae (five animals per group) were collected
from nonsensitized, nonchallenged mice, from mice that had been sensitized
on day 0, challenged on day 7, and terminated 6 h post-challenge, and from
mice repeatedly exposed to oxazolone for 4 wk. Pinnae were sliced from base
to apex and fixed in buffered 10% formalin. Fixed slices were processed to
5 µm paraffin sections, routinely stained with hematoxylin and eosin and
examined by light microscopy. To assist in the identification of eosinophils and
mast cells, sections stained by Luna’s method for eosinophil granules (Luna,
1968) or with toluidine blue (Wolman, 1971) were also examined.
Statistical analysis The data are shown as mean 6 SEM. Statistical analyses
were done using the Student’s t test. A p , 0.05 was considered significant.
Correlation coefficients were generated from linear regression analysis using
plot function of KaleidaGraph 3.0.
RESULTS
Association of TNF-a production with oxazolone challenge
TNF-α has been characterized as an early response inflammatory
cytokine (Enk and Katz, 1995) and therefore it was of interest to see
if application of oxazolone would induce TNF-α production. As seen
in Fig 1, the application of oxazolone (day 7) to the ear of a
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Figure 2. Minimal changes in TNF-a production in chronic oxazolone
inflammation. Mice were sensitized with oxazolone on day 0, and challenged
three times per week, beginning on day 7. TNF-α levels in homogenized ear
tissue were measured in ear tissue collected 24 h after each oxazolone challenge
over a 32 d period. For each time point groups of five mice were compared.
Results are shown as mean 6 SEM.
Figure 3. Reciprocal appearance of IL-4 and IFN-g production in
acute oxazolone-induced contact sensitivity. IL-4 and IFN-γ levels in
homogenized ear tissue were measured at the indicated time points following
oxazolone challenge. For each time point, groups of five mice were compared.
Results are shown as mean 6 SEM.
presensitized (day 0) mouse led to the appearance of TNF-α. The
response was relatively rapid with clearly appreciable amounts (µ50 pg
per ml) appearing by 1 h. The response increased to a peak at 4 h
followed by a relatively rapid decline to elevated levels that were
maintained (µ100 pg per ml) for a 24 h period. Continued oxazolone
exposure resulted in a ‘‘saw-toothed’’ pattern of TNF-α production
with peaks roughly corresponding to antigen challenge (Fig 2). The
peak values reached levels of as high as 500 pg per ml. Examination
of a potential correlation of TNF-α concentrations in the tissues with
the increase in the inflammatory response with time indicated only a
weak correlation (r 5 0.65).
Reciprocal relationship of IFN-g and IL-4 production In acute
oxazolone-induced contact sensitivity, IFN-γ was found to be produced
in the skin lesion soon after TNF-α (Fig 3). Clearly increased levels
(5000 pg per ml) were found 4 h post-challenge (mice sensitized on
day 0 and challenged on day 7). The peak production was found to
be present at 12–16 h (µ8000 pg per ml) and then declined at the
24 h time point. In marked contrast, IL-4 production was either minimal
(µ100 pg per ml at 8–12 h) or virtually absent (0–4 h) during this
time frame (Fig 3).
Multiple application of oxazolone to the sensitized skin led to an
increase in IL-4 production in the lesion (Fig 4). Administration of
oxazolone to the ear of mice on days 7, 9, 11, 14, 16, 18, 21, 23, 25,
28, 30, and 32 led to the progressive increase of IL-4 production from
100 pg per ml at day 7 to 400 pg per ml on day 32. Coincidental
Figure 4. Predominance of IL-4 production in chronic oxazolone
inflammation. Mice were sensitized with oxazolone on day 0, and challenged
three times per week, beginning on day 7. IFN-γ and IL-4 levels in homogenized
ear tissue were measured in ear tissue collected 24 h after each oxazolone
challenge over a 32 d period. For each time point groups of five mice were
compared. Results are shown as mean 6 SEM.
Table I. Time course of inflammatory response and cytokine
production in the chronic lesion after oxazolone elicitation in
BALB/C mice
Time post- Edema IFN-γ IL-4 TNF-α
challenge (h)a (310–3 cm) (pg per ml) (pg per ml) (pg per ml)
0 46.4 6 6.3 NDb 322.6 6 24.5 114.8 6 10.5
1 56.2 6 7.3 ND 285.2 6 45.4 141.2 6 23.8
3 54.8 6 3.6 536.8 6 89.4 371.0 6 34.8 157.0 6 23.8
6 71.6 6 3.5 623.8 6 63.9 510.8 6 36.6 133.8 6 23.9
12 71.0 6 3.2 214.4 6 15.4 680.4 6 20.0 223.0 6 15.3
24 78.6 6 1.1 ND 576.0 6 16.2 197.2 6 22.9
aEar thickness of intact ears and cytokine levels in homogenized ear tissue were measured
at various times after the last challenge in mice oxazolone sensitized and chronically
challenged for 4 wk. For each time point groups of five mice were compared. Results are
shown as mean 6 SEM.
bND, not detected, ,20 pg per ml.
Figure 5. A correlation of IL-4 levels and ear thickness in chronic
oxazolone inflammation. Ear thickness of intact ears and IL-4 levels in
homogenized ear tissue were measured 24 h after each oxazolone challenge
over a 32 d period. For each time point groups of five mice were compared.
Results are shown as mean 6 SEM.
with that was a dramatic drop in IFN-γ production in the lesion
sampled 24 h after repeated challenges (µ3600 pg per ml on day 7 to
undetectable amounts on days 28, 30, and 32). Evaluation of the time
course over the first 24 h post-challenge of cytokine production in
the established, chronic lesion (4 wk) revealed an early, reduced pulse
of IFN-γ production (624 pg per ml at 3 h) (Table I) coupled with
sustained IL-4 production (680 pg per ml at 12 h).
The inflammatory response, as measured by ear thickness (Fig 5),
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Figure 6. RT-PCR corroboration of presence of IL-4 and IFN-g in
lesional tissue. RNA was extracted from normal mouse ears, from mice
oxazolone sensitized, challenged, and ears taken 6 h post-challenge, and from
mice oxazolone sensitized and chronically challenged for 4 wk. (A) IFN-γ
mRNA; (B) IL-4 mRNA; (C) GAPDH mRNA.
grew progressively upon repeat exposure to oxazolone. Also seen in
Fig 5 is the close association between IL-4 levels in the inflamed tissue
and ear thickness. The pattern of response was remarkably similar and
the data were correlated strongly (r 5 0.91).
In order to investigate further and corroborate the observed cytokine
profiles, RNA was extracted from the ears of normal unsensitized
mice, of mice sensitized, challenged, and ears taken 6 h post-challenge,
and of mice sensitized and chronically challenged for 4 wk. This RNA
was utilized in a reverse transcriptase polymerase chain reaction (RT-
PCR) analysis with cytokine specific primers. As a positive control,
primers for GAPDH were also included. As seen in Fig 6, IFN-γ
mRNA was seen only in the Th1-like early response and was absent
in the normal and Th2-like chronic response sampled 24 h post-
challenge (Fig 6A). The profile for IL-4 message was, as anticipated,
present in the early and chronic lesions but absent in the normal
(Fig 6B). GAPDH message was equivalent in all three tissues (Fig 6C).
Figure 7. RT-PCR corroboration of presence of IL-4 and IFN-g at
various time points in the chronic oxazolone lesion. RNA was extracted
from the established chronic lesion at various time points after the last oxazolone
elicitation. (a) IFN-γ mRNA; (b) IL-4 mRNA; (c) GAPDH mRNA.
Sampling of mRNA from the established, chronic lesion at early times
(0, 3, and 6 h) post-challenge with oxazolone revealed relatively strong
bands of mRNA specific for IFN-γ at 3 and 6 h. Weak, but visible
bands appeared at 0 and 24 h (Fig 7A). In contrast, strong IL-4-
specific bands were present at all times sampled (Fig 7B). As shown
in Fig 7(C), GAPDH bands indicated equal loading.
Cytokines and inflammation present in mast cell deficient
mice Given the apparent relationship between IL-4 and the inflam-
matory response with repeated applications of oxazolone, it was of
interest to explore the dependency of mast cell-derived cytokines on
this response. WBB6F1 W/W
v mice were selected for use in this
experiment because of their well-established deficiency in mast cells
that is due to a defect in their hemopoietic stem cells (Kitamura et al,
1978). As seen in Table II, comparison of the acute Th1 response and
the chronic Th2 response between WBB6F1 1/1 mice (wild-type
controls) and mast cell deficient WBB6F1 W/W
v mice revealed
very minimal differences. In acutely exposed WBB6F1 W/W
v mice,
a reduction (–32%, p , 0.001) in ear thickness was noted along with
trends toward reduction in IL-4 (–32%, not significant) and IFN-γ
(–36%, not significant). In the case of the chronic response, no
significant difference in ear thickness was seen and only a slight change
in IL-4 concentration was observed (–36%, p , 0.05). In the acute,
Th1 response a large difference in neutrophil influx as measured by
myeloperoxidase activity in the skin between wild-type and the mast
cell deficient mice was seen (68% reduction in myeloperoxidase activity,
p , 0.01).
Lack of IL-4 and IFN-g in skin chronically exposed to
PMA Although the study in mast cell deficient mice was suggestive
of a lymphoid source of inflammatory cytokines, these mice have been
shown to possess mast cell precursors that under proper stimulation
can infiltrate and participate in a cutaneous lesion (Theoharides et al,
1993). Therefore, it was of interest to examine the intralesional
concentrations of inflammatory cytokines in a nonimmunologically
driven response in skin. The topical response to phorbol ester has
been used to create a proliferative skin lesion with intense mixed
inflammatory cell infiltration (Stanley et al, 1991). This response was
utilized to examine the cytokine profile in BALB/C mice. As seen in
Table III, the inflammatory response as measured by tissue thickening
becomes significant 4 h post-application of PMA, a time that is maximal
for detection of TNF-α production in the tissue. Importantly, no IFN-
γ or IL-4 were detected. Examination of a potential correlation of
TNF-α concentrations in the tissues with the increase in the inflam-
matory response with time indicated a strong positive correlation
(r 5 0.92).
Increase in serum IgE levels in chronically exposed mice If, as
suggested by the results, chronic application of oxazolone was inducing
a Th1 to Th2 switch, serum IgE levels might also reflect this change.
As seen in Table IV, comparison of normal serum, acute response
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Table II. Inflammatory response and cytokine profile in oxazolone-induced inflammation in mast cell deficient mice
Th1 responsea Th2 responseb
Edemac IFN-γ IL-4 MPO Edema IL-4
(310–3 cm) (pg per ml) (pg per ml) (units per ear) (310–3 cm) (pg per ml)
WBB6F1 1/1 19.1 6 1.4 126 6 21 56 6 12 0.152 6 0.02 42.9 6 1.8 118 6 17.0
WBB6F1 W/W
v 13.0 6 0.8 81 6 18 38 6 4.2 0.049 6 0.01 46.7 6 2.9 75 6 5.3
–32%*** –36% ns –32% ns –68%** 19% ns –36%*
aEdema, MPO, and cytokine production were measured in mice oxazolone sensitized, challenged, and ears taken 6 h post-challenge (Th1).
bEdema and IL-4 production were measured in mice oxazolone sensitized and chronically challenged for 4 wk (Th2).
cFor each type of mouse (WBB6F1 1/1 and WBB6F1 W/W
v), groups of five mice were compared. Results are shown as mean 6 SEM. *Statistically significant at p , 0.05;
**statistically significant at p , 0.01; ***statistically significant at p , 0.001; ns, no significant difference.
Table III. Inflammatory response and cytokine profile in
chronic phorbol ester-induced inflammation in BALB/C mice
Treatmenta Thicknessb TNF-α IFN-γ IL-4
(310–3 cm) (pg per ml) (pg per ml) (pg per ml)
Baseline
Day 8 23.2 6 1.1 NDc ND ND
Time
post-PMA (h)
0.5 22.2 6 0.9 ND ND ND
1.0 23.8 6 1.5 ND ND ND
2.0 25.7 6 1.1 60.0 6 11.7 ND ND
4.0 46.3 6 1.9*** 161.7 6 15.1 ND ND
24 33.8 6 0.7*** 59.0 6 8.8 ND ND
48 29.0 6 1.2** 37.7 6 5.7 ND ND
72 20.6 6 1.7 ND ND ND
aBALB/C mice (n 5 6 per group) were administered PMA (1 µg per ear) on days 1,
3, 5, and 8. Baseline values were taken on day 8 prior to PMA exposure. The response
was followed by measuring ear thickness and taking tissue samples for cytokine evaluation
as described. Data shown are mean 6 SEM.
b**Statistically significant from the baseline value at p , 0.01; ***statistically significant
from the baseline value at p , 0.001.
cND, not detected, , 20 pg per ml.
Table IV. IgE production in oxazolone-induced inflammation
in mice
Treatmenta Serum IgE (ng per ml)b
Normal 20.2 6 4.7
Th1 7.2 6 0.9 ns
Th2 196.3 6 23.2***
aSerum IgE production was measured in normal mice, in mice oxazolone sensitized,
challenged, and serum collected 6 h post-challenge (Th1), and in mice oxazolone sensitized
and chronically challenged for 4 wk (Th2).
bResults are shown as mean 6 SEM with an n 5 5 mice per treatment group.
***Statistically significant at p , 0.001; ns, no significant difference.
serum, and chronic response serum revealed a dramatic increase in
total serum IgE levels in mice administered oxazolone for 4 wk (868%
increase, p , 0.001). No significant difference between normal serum
IgE levels and acute serum IgE levels was observed.
Evidence of chronic inflammatory changes in exposed mice In
order to determine the nature of the infiltrate in the acute and chronic
models of oxazolone-induced inflammation, a histologic evaluation of
the tissue was undertaken. Microscopic appearances of pinnae from
controls, acutely exposed mice, and repeatedly exposed mice are
compared in Fig 8(a–c). In pinnae from acutely exposed mice
(Fig 8b), the subepithelial connective tissue was expanded and loosened
compared with controls in a manner consistent with edema. Neutrophils
were widely distributed in the subepithelial interstitium and were
numerous within small blood vessels. Epithelial thickness and subepi-
thelial mast cell numbers did not differ from controls. In pinnae from
repeatedly exposed mice (Fig 8c), the subepithelium was conspicuously
and diffusely thickened by a chronic inflammatory process that was
characterized by intense infiltrates of mixed inflammatory cells (eosino-
phils, neutrophils, and lymphocytes) accompanied by mild fibrosis.
Subepithelial mast cells were more numerous than in controls and the
surface epithelium was hyperplastic (8–12 cells thick compared with
2–4 cells thick in controls). Small foci of ulceration and intraepithelial
bullae containing neutrophils were occasionally observed.
DISCUSSION
CD41 T cells can be differentiated into two major subsets: Th1 and
Th2. This division was proposed based on the cytokine profiles of
murine T cells (Mosmann et al, 1986). Studies have shown Th2 cells
have been identified at sites of allergic contact sensitivity reactions
(Lord and Lamb, 1996) and suggest that Th2 responses are involved
in the pathogenesis of allergic diseases.
During the acute immune response to topically applied oxazolone
there is an induction of antigen-specific Ig synthesis, sensitization for
delayed-type hypersensitivity, and activation of lymphokine-producing
T cells in the draining lymph nodes (Thomas et al, 1993). Results
suggest that chronic T lymphocyte activation by another contact
sensitizing agent, TNCB, leads to immediate-type hypersensitivity with
increases in serum IgE (Kitagaki et al, 1995). Use of marker cytokines
that are characteristic of and implicate the presence of Th1 (IFN-γ)
and Th2 (IL-4) T cell subsets have been used in several studies. IFN-
γ and IL-4 mRNA levels were demonstrated in skin sensitized and
acutely challenged with TNCB (Asada et al, 1997); however, levels of
these proteins were not analyzed. Using oxazolone and dinitrofluoro-
benzene as sensitizers, Dearman et al (1996) demonstrated IFN-γ and
IL-4 protein to be produced in local draining lymph nodes. In a recent
study by Kitagaki et al (1997), intralesional cytokines were analyzed
and it was shown that IL-4 production predominated with chronic
application.
In this study, we undertook to determine the effects of re-exposure
to oxazolone and patterns of local production of inflammatory cytokines
at various time points post-oxazolone challenge over a period of 4 wk.
We also hoped to gain insight as to the relationship of inflammatory
cytokine production and the inflammatory response.
One of the advantages of looking at the lesional skin itself was that
the infiltrating cells are an obvious subset of the circulating cells and
may be quite unique and not as clearly represented in other tissues
such as blood or lymph nodes. Histologic evaluation of the lesional
skin at 6 h post-oxazolone challenge showed neutrophils distributed
throughout whereas subepithelial mast cell numbers did not differ from
normal skin. In contrast, lesional skin from chronically treated mice
was characterized by intense infiltration of mixed inflammatory cells
(neutrophils, eosinophils, and lymphocytes). Subepithelial mast cells
were higher in number than in normal skin, a result characteristic of
skin lesions of atopic dermatitis patients (Horsmanheimo et al, 1994)
and also seen in mice chronically treated with TNCB (Kitagaki
et al, 1995).
The quiescent nature of normal skin was striking. No background
of TNF-α, IFN-γ, or IL-4 was observed in these studies. Not
unexpectedly, one of the earliest events following challenge of sensitized
skin was the production of TNF-α. Continuous oxazolone exposure
produced a saw-toothed pattern with peaks roughly corresponding to
each oxazolone challenge. Keratinocytes have been shown to be a
source of TNF-α and IL-1α after induction of contact sensitivity with
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Figure 8. A histologic appearance of oxazolone-induced contact
sensitivity. Sections of pinnae were stained with hematoxylin and eosin,
including pinnae from nonsensitized, nonchallenged control ears (a). Pinnae
from acutely exposed ears taken 6 h post-challenge is thickened by edema and
neutrophils are present in subepithelial connective tissue and within a blood
vessel (arrow) (b). Pinnae from repeatedly exposed ears is thickened by abundant
mixed inflammatory cells. Epithelium is hyperplastic and there are two
intraepithelial bullae (arrows) (c). Scale bars, 100 µm.
dinitrofluorobenzene and oxazolone (Haas et al, 1992), and other
injuries to the skin, such as UVB irradiation, have also been shown to
cause the production of inflammatory cytokines such as IL-1β (Griswold
et al, 1991). That this production of TNF-α might be representative
of an irritative component of the oxazolone response was suggested
by the studies with PMA. TNF-α was clearly demonstrable in the
tissue exposed to PMA whereas no detectable concentrations of IL-4
or IFN-γ were seen. The strong positive correlation of TNF-α
production and the tissue thickness suggests that TNF-α may be
playing an important role in support of the inflammatory response.
The lack of IL-4 and IFN-γ production in the PMA response is
important and suggests that lymphocyte infiltration is not a feature of
this model. Also, these data suggest that intralesional IL-4 production
is not just a reactive consequence of irritation of the skin.
Following the brisk, pulsatile production of TNF-α, IFN-γ, as a
marker of Th1 subset of T lymphocytes, was found in the skin lesion
with levels increasing at 4 h and peaking at 16 h after oxazolone
challenge. Chronic application of oxazolone led to a dramatic decrease
in IFN-γ in the lesion from its peak on day 7 to nearly undetectable
amounts on days 28–32. Evaluation of time points 0, 1, 3, 6, 12, and
24 h post-challenge at 4 wk, however, did reveal a markedly reduced,
but discernable peak of IFN-γ (90% reduction versus the peak seen in
the acute response). There appeared to be a reciprocal relationship
between IFN-γ and IL-4. IL-4 production was minimal on day 7; but
chronic exposure to oxazolone lead to increased production of IL-4
in the lesional skin. It was of interest that the production of IL-4
correlated closely with the magnitude of the inflammatory response.
Ear thickness grew steadily during the time of repeated oxazolone
exposure with a pattern of response similar to IL-4 levels. RNA
extracted from normal, 6 h, and various times from chronically
challenged skin and analyzed by RT-PCR generated a more complex
picture. Messenger RNA extracted from normal skin and chronically
exposed skin 24 h after exposure revealed little or no IFN-γ specific
RT-PCR bands. A weak band was seen at 0 time prior to challenge
(48 h post-previous exposure). Three and 6 h post-exposure time
points had distinct bands. These results are suggestive of a cyclic pulse
of IFN-γ production perhaps stimulated by persistant antigen. At the
risk of over-interpreting nonquantitative PCR results, these data suggest
a highly regulated production of IFN-γ. The predominance of IL-4
in the chronic lesion was also seen at the mRNA level; however, it
should be noted that despite the use of specific primers for IL-4, splice
variants of unknown function may have been identified.
It is of interest that a completely different profile of cytokine
production is observed in the draining lymph nodes. As reported by
Dearman et al (1996), spontaneous IL-4 production is absent and
concanavalin A stimulation is required to stimulate competent IL-4
producing cells.
Because, in mast cell deficient mice, only modest changes in IL-4
and the inflammatory response were seen relative to the wild-type
control, the inflammatory response, particularly in the latter stages,
may be driven largely by lymphocyte-derived IL-4, even though mast
cells are suggested to be a major source of IL-4 in atopic dermatitis
(Horsmanheimo et al, 1994). In a recent study, IL-4 was also reported
to be upregulated in the skin of TNCB sensitized and challenged mast
cell deficient mice during the elicitation phase of contact sensitivity,
indicating a source of IL-4 other than mast cells (Asada et al, 1997).
In agreement with previously published work on the WBB6F1 W/
Wv mouse (Qureshi and Jakschik, 1988), a marked lack of neutrophil
influx was seen, suggesting that these mice were acting in an expected
manner as mast cell deficient animals. It should be noted, however,
that due to the possibility of mast cell precursors being differentiated
at the site of inflammation (Theoharides et al, 1993), it is difficult to
rule out that mast cell participation. In addition, because it has been
shown in atopic dermatitis patients that irritative reactions (e.g., to
sodium dodecyl sulfate) can generate IL-2, IFN-γ, and to a lesser
extent IL-4 (Grewe et al, 1995), this leaves open the possibility that a
nonimmunologic irritation of hyper-responsive skin could contribute
to the cytokine profile observed.
What seems clear for oxazolone is the relationship between IL-4,
chronic exposure to antigen, and serum IgE levels. Similar results have
been seen in studies with TNCB where chronic exposure led to the
production of antigen-specific IgE as indicated by passive cutaneous
anaphylaxis reactions (Kitagaki et al, 1995).
These findings demonstrate that chronic exposure to oxazolone
generates a predominance of lesional cytokines characteristic of Th2
activity with an overlay of TNF-α. The cytokine profile may result
from both immunologic and nonimmunologic, irritative reactions.
This animal model may prove a useful tool for evaluation of pharmacol-
ogic agents for their effect on chronic inflammatory diseases.
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